Inflammatory bowel disease (IBD) is a chronic disabling inflammatory process that affects young individuals, with growing incidence. The etiopathogenesis of IBD remains poorly understood. A combination of genetic and environmental factors triggers an inadequate immune response against the commensal intestinal flora in IBD patients. Thus, a better understanding of the immunological mechanisms involved in IBD pathogenesis is central to the development of new therapeutic options.
Inflammatory bowel disease (IBD) is a chronic disabling inflammatory process that affects mainly the gastrointestinal tract and may present associated extraintestinal manifestations. 1 IBD includes both ulcerative colitis (UC) and Crohn's disease (CD). In UC, the inflammation takes place in the colon and rectum, is limited to the mucosa and always extends in oral direction from the rectum. 2 CD can affect any part of the gastrointestinal tract (typically the ileocecal area) and is characterised by transmural inflammation and local complications like stenosis, fistulae and abscesses. 3 It predominantly affects young individuals with symptoms like abdominal pain, chronic diarrhea, fever, rectal bleeding and weight loss; alternating flares and periods of remission. 3 The prevalence of IBD in western countries is estimated to be up to 0.5% of the general population, with growing incidence. 4 The treatment of IBD requires the continuous use of powerful anti-inflammatory drugs (corticosteroids, thiopurines, anti-tumour necrosis factor [anti-TNF] agents etc.) and hospitalisation or surgery to manage its complications. [1] [2] [3] This results in significantly compromised quality of life as well as a huge economic burden for society with high associated healthcare costs. 5 In fact, only the direct costs in Europe are estimated to exceed €5.6 billion annually. 6 The etiopathogenesis of the disease remains largely unknown. It is currently considered a polygenic immune disorder involving: 1) individual genetic factors; 2) environmental factors; 3) intestinal flora (microbiome); and 4) immune response. A combination of these factors triggers an inadequate immune response against the commensal flora in genetically predisposed subjects. 7, 8 Several alterations in some key innate immunity mechanisms have been reported in recent years involving both the recognition and clearance of intracellular organisms and bacteria, such as alterations in the nucleotide-binding oligomerisation domaincontaining protein 2 (NOD2) 9 or in the autophagy related protein 16L (ATG16L). 10 In addition, other factors can contribute to the appearance of recurrent infections and chronic intestinal inflammation, such as: alterations in the intestinal permeability 11, 12 ; alterations in the mucosal layer 13, 14 ; dysfunction in the production of defensins by Paneth cells 15 or alterations in the stress mechanisms of the endoplasmic reticulum. 16 CD is considered to be a predominant type 1 T helper cell (Th1)-and Th17-mediated disease with an increased production of IL-17, IFN-g and TNF-a; while UC has been associated with a dysregulated Th2 response.
However, the IL-23 pathway -that is crucial to the function of Th17 cells -is altered in both conditions. 17 The importance of regulatory T cells (Tregs) and other unconventional T cells like natural killer T cells (NKT), innate lymphoid cells (ILC) or gammadelta (gd) T cells have been increasingly recognised in IBD pathogenesis, underlining its complexity. 7, [18] [19] [20] This impaired immune response leads to an increased infiltration of leukocytes into the inflamed intestinal mucosa, which contributes to persistent inflammation. 21 Understanding the interplay between these cytokines and the different immune cells is central to the development of new therapeutic options in IBD.
Heterogeneity is an important issue in the clinical management of IBD patients since both clinical manifestations, disease location and behavior (phenotypes) and response to different therapies varies widely from patient to patient. 1 The current treatment of IBD includes mesalazine (oral and rectal formulations), glucocorticoids (conventional and other forms like budesonide or beclomethasone), antibiotics (typically ciprofloxacine and metronidazole), immunosuppressants (mostly azathioprine/6-mercaptopurine or methotrexate) and anti-TNF agents (infliximab, adalimumab, certolizumab pegol and golimumab). Recently, the anti-integrin antibody vedolizumab and the antibody against IL-12/23 ustekinumab have been approved for IBD. 22, 23 The introduction of anti-TNF agents into clinical practice (infliximab was first approved in 1998 and 2005 for CD and UC, respectively) both for the induction of remission and as maintanence therapy, has improved the outcomes of IBD patients significantly. 24 However these drugs have several limitations: 1) they are injectable (intravenous or subcutaneous) complicating the compliance; 2) they work only in a subset of patients (one third of the patients show no benefit); 3) they are immunogenic, causing allergic reactions and secondary loss of response (in approximately another third of the cases) due to antibody formation; 4) they are expensive; and 5) can lead to reactivation of infections -like tuberculosis or hepatitis B -and may increase the risk of some cancers. [25] [26] [27] Moreover, the need for surgery remains high despite of the wide use of biologics in clinical practice (the risk of surgery 10 years after diagnosis is still 16% in UC and as high as 47% in CD patients). 28, 29 Thus, there is an urge for the development of new therapeutic targets for IBD. An increased insight into IBD pathogenesis (and especially the immunological aspects) can provide an excellent opportunity for therapeutic advances. Consequently, the search for new therapeutic strategies targeting alternative inflammatory cytokines and immunological pathways has intensified in the recent years. New oral and parenteral substances regulating alternative immune pathways like IL-12/23 axis, IL-6, Janus Kinase inhibition, TGF-b pathway, as well as the regulation of adhesion/ migration of leucocytes or novel cell therapies using mesenchymal stem cells (MSC) or engineered T cells are in the pipeline. Here, we review the most promising of those new coming approaches in immunotherapy for IBD (summarized in Figure 1 and Table 1 ).
Targeting pro-inflammatory pathways
The interleukin 12-family
The interleukin-12 (IL-12) family of five cytokines are heterodimeric cytokines composed of two covalently linked chains. 30 IL-12 and IL-23 are pro-inflammatory and have been found to be pathogenic in animal models of intestinal inflammation and in IBD. [31] [32] [33] IL-12 consist of the heterodimeric proteins p40 and p35, while IL-23 consists of the heterodimeric proteins p40 and p19. Therefore, the shared p40 protein is a common target of both these cytokines. IL-12 and IL-23 secreted from antigen presenting cells (dendritic cells, macrophages) spark off intestinal inflammation and maintain the inflammatory response by secretion of inflammatory cytokines like IL-6, IL-17 and TNFa from macrophages, neutrophils and natural killer cells. 17, 31, 33 IL-12 and IL-23 favour Th1 and Th17 differentiation of na€ ıve T-cells, in CD, as opposed to the postulated Th2 domination in UC. 17, 34 IL-12 and IL-23 signal through heterodimeric receptors: ILRb1 and IL12Rb2 for p40 and p35 subunits of IL-12; and IL-23R and ILRb1 for p19 and p40 subunits of IL-23.
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Even though IL-23 might favour Th17 differentiation in CD, single nucleotide polymorphisms (SNPs) have been found in candidate gene encoding the IL-23 receptor (IL23R), which is associated with both increased and reduced risk for CD and UC. [35] [36] [37] IL-12 and IL-23 signalling is mediated via Janus kinase (JAK)-signal transducer and activator of transcription (STAT)-proteins 33 and induces expression of interferon gamma (IFNg) and IL-17 from Th1 and Th17 cells, respectively.
Given the importance of the IL-23-IL-17 axis and IL-17 overexpression in CD, blocking IL-17 could be beneficial. However, the anti-IL-17A monoclonal antibody secukinumab and anti-IL-17 receptor antibody brodalumab were both ineffective in CD. 38, 39 This is consistent with a study in mice showing the importance of IL-17 production by gd T cells (independent of IL-23) for maintenance and protection of the epithelial barrier in the intestinal mucosa. 40 Even though IL-23 contributes to tissue damage in IBD, it has an important role controlling infections. In fact, IL-23 and IL-17RA knockout mice have increased susceptibility and mortality to pulmonary infection with Klebsiella pneumoniae and IL-23 knockout mice showed increased mortality after enteric infection with Citrobacter rodentium. 41 Moreover, mice with IL-23R deficiency in intestinal epithelial cells have reduced IL-22 induction, leading to increase in pro-inflammatory flagellated bacteria and increased mortality to dextran sodium sulfate colitis. 42 In addition, intestinal epithelium derived IL-23 mediates mucosal healing via IL-22. 43 Of note, IL-23R have shown opposing roles in different colitis models. 44, 45 Ustekinumab is a human anti-p40 IgG1 antibody blocking both IL-12 and IL-23. It is administered intravenously, and it has proven to be effective in CD both for induction and maintenance therapy after anti-TNF failure. 46 Another antibody against the p40 subunit -briakinumab -has been tested in CD with some clinical benefit, 47, 48 but the overall quality of the evidence for the outcome clinical remission was rated as low in a recent meta-analysis. 49 In fact, briakinumab studies have been discontinued due to limited clinical efficacy. 49, 50 Concerns have been raised about cardiovascular safety for both ustekinumab and briakinumab, 51, 52 but a Cochrane review concludes that both drugs are safe. 49 The new drug brazikumab -AMG 139/MEDI2070 -blocking the p19 subunit (specific for IL-23) was associated with clinical improvement 53 in patients with CD and TNF-antagonist failure. One study with risankizumab (BI 655066) -also targeting the p19 subunit -has shown some efficacy in CD. 54 Trials with other drugs targeting the p19 subunit, like mirikizumab (LY3074828) are underway. 50, 55 IL-6 pathway IL-6 is a key pleiotropic cytokine with an immunoregulatory role in innate and adaptive immune responses synthesized by a wide variety of immune cells. 56 In fact, IL-6 can display proand anti-inflammatory properties depending on the context. IL-6 has a protective role in many infections, where a transient production of IL-6 contributes to host defense and tissue repair. 57 In addition IL-6 induces the hepatic synthesis of Creactive protein and other acute-phase proteins. 58 However, an excessive production of IL-6 can contribute to the maintenance of chronic inflammatory diseases like rheumatoid arthritis or IBD. 59, 60 In fact, IL-6 promotes specific differentiation of na€ ıve CD4-positive cells into Th17 cells and inhibits TGF-b-induced Treg development. 61, 62 This dysregulation of Th17/Treg balance by IL-6 is considered to be key in the development of autoimmune and chronic inflammatory diseases, like IBD. 63 IL-6 can display its effects through a transmembrane receptor (IL-6R) and a soluble form (sIL-6R). 64 Blocking the IL-6 pathway ameliorates colitis in mice. 65 Both IL-6 and sIL-6R are highly expressed in the colonic mucosa of patients with IBD 66 and several studies show that high serum concentration of IL-6 is predictive of relapse in IBD. 67 Thus, IL-6 antagonism has been explored as a novel therapeutic target in IBD.
Intravenous tocilizumab, a humanized anti-IL6R antibody, was well tolerated but showed a modest effect in a pilot study including 36 CD patients. Clinical remission was obtained in 20% of treated patients versus none in the placebo group, but no differences in the endoscopic or histological examination were found. 68 PF-04236921, a fully human monoclonal IgG2 antibody that binds to IL-6, was given subcutaneously in 3 different doses (10, 50 and 200 mg) on days 1 and 28 in a phase II randomized, double-blind, placebo-controlled trial in 247 subjects with refractory CD. 69 Only the 50 mg s.c. arm achieved the primary endpoint (a clinical response defined as a CDAI-70 at week 8 or 12). This occurred in 49% and 47% of treated patients versus 31% and 29%, respectively, in the placebo arm (P <0.05 for both). However, the 200 mg arm was terminated early because of safety concerns. There was a troubling number of adverse events including 1 death because of post-operative respiratory failure and 6 patients experiencing complications like abscess or perforation during the induction study. 69 These serious side effects may be due to the pleiotropic functions of IL-6 including epithelial regeneration. 70 The inhibition of these beneficial functions -like the stimulation of mucosal healing -can lead to complications, and may limit the use of IL-6 inhibition in the future.
Janus Kinase inhibitors
The inhibition of JAK by small oral molecules has been tested in several autoimmune diseases like rheumatoid arthritis or myelofibrosis; and lately in IBD. [71] [72] [73] [74] JAK inhibitors can target signalling pathways used by multiple cytokines contributing to intestinal inflammation in IBD like IL-2, IL-6, IL-12, IL-21, IL-23 or IFN-g (reviewed in refs. [75] [76] [77] .
JAKs are non-receptor tyrosine kinases expressed in multiple immune cells comprising 4 members: JAK1, JAK2, JAK3, and Tyrosine kinase 2 (TYK2). These proteins are bound to the intracellular domain of several cytokine and hormone receptors where they facilitate signal transduction. The binding of the cytokine to its receptor results in JAK activation and autophosphorylation as well as phosphorylation of the receptor chains, forming binding sites and activating STATs. As a result, STATs form homo-or heterodimers and translocate to the nucleus where they modulate the transcription of target genes. There are seven STAT family members (STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B, and STAT6). Thus, each cytokine will activate different patterns in the JAK-STAT pathway leading to different immunomodulatory effects. 76, 77 The possibility of inhibiting several pro-inflammatory cytokines interacting with this pathway led to the test of tofacitinib (an oral JAK inhibitor that mainly inhibits JAK1, JAK2 and JAK3) in UC. A phase II randomized, placebo-controlled trial including 194 active UC patients showed that tofacitinib 15 mg oral twice daily produced a statistically significant clinical response at week 8 (primary endpoint), as well as clinical remission and endoscopic response (secondary outcomes) compared with placebo. A dose-dependent increase in both LDL and HDL cholesterol concentrations which reversed after discontinuation of the drug was observed. In addition, 3 patients treated with tofacitinib had an absolute neutrophil count of less than 1500/mm 3 during the study period and 2 presented serious adverse events in form of infection. 73 The results of two phase III trials testing tofacitinib 10 mg twice daily for the induction of remission in active UC (OCTAVE Induction 1 and 2) have been recently presented. 74 More patients receiving tofacitinib achieved remission, mucosal healing and clinical response in both studies compared with placebo at week 8. No differences regarding previous anti-TNF treatment were reported. Tofacitinib showed a quick onset of action (as for week 2) and the rate of serious adverse events was similar across groups. However, increases in serum lipids (cholesterol, LDL and HDL) and creatine kinase levels were reported with tofacitinib. 74 A phase III study assessing the effectiveness and safety of tofacitinib in the maintenance of remission in UC has recently been completed and a multicenter open label extension phase III study to address the safety at 12 months is still recruiting patients (NCT01458574 and NCT01470612, respectively).
In contrast to the results of tofacitinib in UC, recent trials in patients with CD have produced disappointing results. 78, 79 A phase II trial failed to show any significant differences in the percentage of CD patients who achieved clinical responses or clinical remission after 4 weeks administration of tofacitinib (1, 5, or 15 mg) or placebo twice daily. However, the high placebo response and short duration of treatment, together with the biological effects observed with high doses of tofacitinib (significant reductions in CRP and faecal calprotectin), encouraged the continuation of the trials in CD. Consequently, two phase IIb studies evaluated the efficacy and safety of tofacitinib for induction and maintenance treatment in patients with moderate-to-severe CD. 79 Again, both primary efficacy endpoints (proportion of patients in clinical remission at week 8 and clinical response or remission at week 26) were not significantly different from placebo. 79 Thus, further development of tofacitinib in CD has been discontinued.
Filgotinib (GLPG0634, GS-6034), a novel once daily oral JAK1-selective inhibitor, was also tested in a large multicentre phase II study. Forty seven percent of patients treated with filgotinib 200 mg/day achieved clinical remission at week 10 (primary endpoint) versus 23% in the placebo group. 80 However, the proportion of patients achieving endoscopic remission or mucosal healing was similar in both groups. Serious treatmentemergent adverse effects were reported more often in patients treated with filgotinib than in the placebo group (9% versus 4%) and serious infections occured in 3% of patients. In addition, exposure to filgotinib for 20 weeks resulted in 12% increase in mean LDL levels. 80 The results of two phase III studies for the induction and long-term maintenance for CD (NCT02914561 and NCT02914600) will help test the efficacy and safety of filgotinib. Moreover, filgotinib has also entered two phase III studies for UC (NCT02914522 and NCT02914535). Another selective oral JAK1/3 inhibitor (JNJ-54781532) has completed a phase IIb trial to investigate its safety and effectiveness in active UC (NCT01959282). The results have not been communicated yet.
Laquinimod
Laquinimod is a new oral medication with several anti-inflammatory properties and a good safety profile that has been already clinically tested in multiple sclerosis 81, 82 and lupus nephritis. 83 Its mechanism of action is not fully understood. Laquinimod suppresses Th1 and Th17-responses (inhibiting the production of TNF-a, IL-17 and IL-12) and induces a Th2 shift (increasing the production TGF-b, IL-10 and IL-4). It can also stimulate the action of Tregs and is able to inhibit leucocyte migration (reviewed in refs. 84, 85) .
A dose escalation multicentre double-blind phase II study evaluated the safety and efficacy of laquinimod as induction therapy in patients with active CD, showing a significant clinical improvement and a favourable safety profile. 86 Patients received laquinimod orally (0.5, 1, 1.5 or 2 mg/day) or placebo for 8 weeks with 4-week follow-up. The proportion of patients
9%).
The incidence of side effects was similar. An elevation of liver enzymes reported in previous MS trials was not observed in the 0.5 mg group. Laquinimod was well tolerated and decreased significantly faecal calprotectin levels. 86 Thus, laquinimod is a promising oral drug with a good safety profile and broad-spectrum antiinflammatory and immune-regulatory properties. A phase III clinical development programme exploring the effect of the most effective dose (0.5 mg/day) along with a lower dose (0.25 mg/day) for the induction and maintenance of remission in moderate to severe CD is planned. 86 Targeting anti-inflammatory pathways TGF-b1 signals through two transmembrane protein kinase receptors (TGFbR1 and TGFbR2) that, upon activation, phosphorylates SMAD2 and SMAD3 that subsequently associate with SMAD4. This complex translocates to the nucleus where it regulates the expression of target genes. SMAD7 is an intracellular negative regulator of TGF-b1 signaling that prevents the phosphorylation of SMAD2 and SMAD3. 90, 91 IBD patients present a decreased activity of the anti-inflammatory cytokine TGF-b1 caused by increased levels of SMAD7 secondary to decreased degradation. 92 In addition, previous studies showed that specific antisense oligonucleotides for SMAD7 restores TGF-b1 signaling decreasing pro-inflammatory cytokine production. 93 Consequently, the inhibition of SMAD7 could be a novel potential therapeutic target in IBD.
Mongersen is a new oral antisense oligonucleotide that targets SMAD7 mRNA facilitating the degradation of SMAD7 and thus, restoring the anti-inflammatory effects of TGF-b1. 94 Mongersen is enveloped in a pH-dependent release tablet that makes it optimal to treat ileocolonic CD. Pharmacokinetic studies suggested that it acts locally and is not systemically available in plasma. 95 After assessing the safety and tolerability of mongersen in a phase I trial, 95 166 patients with moderate-to-severe CD were enrolled in a phase II study. Three oral doses of mongersen (10, 40, or 160 mg/day) or placebo were administered for two weeks. The primary endpoint was defined as CDAI <150 points at week two and maintained for two weeks. Fifty-five and 65% of patients achieved clinical remission in the 40 mg and 160 mg mongersen groups respectively, as compared with 10% in the placebo group (P < 0.001). 94 Interestingly, no statistically significant differences were found in the number of participants achieving normalization of CRP levels after treatment, raising the question of its effect on mucosal inflammation. The authors argument that the short duration of the study could have been insufficient to reach CRP normalization. 94 In addition, the lack of endoscopic evaluation is a major drawback of the study. To address this issue, a phase Ib randomized study investigated the endoscopic outcomes in 63 CD patients after therapy with a high dose of mongersen (160 mg daily for 4, 8 or 12 weeks), showing endoscopic response in 37% of patients (defined as a reduction in Simple Endoscopic Score for CD of at least 25% in comparison to baseline). 96 The rate of adverse events did not differ among groups and most adverse events were considered to be related to complications of the disease in the pivotal phase II study. 94 However, the short duration of therapy (2 weeks) may also limit the evaluation of safety in a chronic disease like CD. 94 TGF-b1 is a profibrotic agent that can activate fibroblasts and smooth muscle cells and increase the production of collagen, which raises concerns regarding the possible effect of its therapeutic stimulation in the production of strictures and eventually in the incidence of colon cancer. 97 Of note, patients with a history of strictures or fistulae were excluded from the main study by Monteleone et al.
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A previous study tried to address this issue. A small open label study including 15 patients treated with mongersen daily for a week showed no association with the development of small bowel strictures at 6 months. 98 However, the question regarding the development of fibrosis on the long term needs to be further addressed. A phase II study exploring the efficacy and safety of mongersen in UC has recently been completed (NCT02601300). Two ongoing randomized multicentre phase III trials for induction and maintenance of remission in CD were prematurely discontinued in October 2017 by the sponsor pharma company after assessing overall benefit/risk in an interim futility analysis.
Targeting adhesion, trafficking and migration of immune cells

Adhesion molecules
Lymphocyte migration and retention in the intestinal mucosa and epithelium is mediated by adhesion molecules expressed on lymphocytes, the endothelium, the epithelium and the extracellular matrix (cell adhesion molecules [CAMs], integrins, selectins and cadherins). 99 Blocking the adhesion of lymphocytes to the endothelium could alleviate the inappropriate immune reaction in IBD, stopping T-cell recruitment and retention to the inflamed mucosa. Endothelial adhesion molecules are induced during inflammation through cytokine (IL-1 and TNF) activation. [100] [101] [102] The intercellular adhesion molecule 1 (ICAM-1) antisense oligonucleotide alicaforsen showed no effect in CD given intravenously. However, it is effective in distal UC and pouchitis when used in form of enemas. [103] [104] [105] Gut activated T-lymphocytes express the a 4 b 7 integrin for specific homing to the intestinal mucosa, 106 while the corresponding ligand mucosal vascular addressin cell adhesion molecule (MAdCAM-1) is primarily expressed in the gastrointestinal tract (endothelium and lymphoid tissue). 107 Thus, targeting the gut-specific binding between a 4 b 7 expression on effector/memory T-cells and MAdCAM-1 of the inflamed intestinal endothelium is a therapeutic option. Natalizumab, a monoclonal antibody against human a 4 integrin blocks the a 4 -subunit of a 4 b 1 and a 4 b 7 integrins, inhibiting the adhesion to vascular cell adhesion molecule-1 (VCAM-1) and MAdCAM-1, respectively. 108 Therefore, inhibition of lymphocyte -endothelial adhesion is not gut specific for natalizumab. Natalizumab is effective in the treatment of multiple sclerosis 109 and in inducing and maintaining remission in CD. 110, 111 Enthusiasm for natalizumab in the treatment of CD has been curbed due to the increased risk of developing John Cunningham (JC) virus-related progressive multifocal leukoencephalopathy (PML). 112 Due to this and also because of the development of vedolizumab, a monoclonal antibody against the a 4 b 7 integrin, natalizumab is no longer a first option for anti-adhesion treatment in IBD.
AJM300 is another drug that targets the a 4 -subunit of a 4 b 1 and a 4 b 7 integrins, thus blocking binding to VCAM-1 and MAd-CAM-1. In contrast to natalizumab, which is administered intravenously, AJM300 is given orally. It has been studied in patients with active UC and was well tolerated (no serious adverse events, including PML); and was better than placebo for induction of clinical response, remission and mucosal healing. 113 Targeting a 4 b 7 makes vedolizumab gut-specific. It inhibits the gut homing of lymphocytes by blocking a 4 b 7 binding to MAdCAM-1. Vedolizumab was evaluated in UC and CD in the GEMINI 1 and GEMINI 2 studies, respectively. 114, 115 Vedolizumab was significantly better for induction and maintenance of remission in UC compared to placebo. 114 CD patients receiving vedolizumab were more likely to have a remission, but not a CDAI-100 response, and significantly more patients who had a response to induction therapy and continued to receive vedolizumab were in clinical remission after one year. 115 Another study evaluating the effect of vedolizumab found that 21-25% of patients starting vedolizumab for active IBD (21% for CD and 25% for UC) were in clinical remission after 54 weeks. 116 Long term efficacy (152 weeks) has been observed for anti-TNF failure and na€ ıve patient with both UC and CD treated with vedolizumab, and patients losing effect with conventional 8-weekly dosing might benefit from increased dosing frequency. 117, 118 Vedolizumab has an excellent safety profile in both UC and CD: 2830 patients with 4811 person-years of vedolizumab exposure had no cases of PML and no increased risk of infection, serious infection or malignancy. 119 Vedolizumab is approved and in clinical use for both UC and CD.
Another antibody against a 4 b 7 integrin -abrilumab (AMG 181/MEDI7183) -has been evaluated in both UC and CD in phase II studies with good safety and promising efficacy profiles.
120,121 Anti-MAdCAM-1 therapy targeting the receptor of the a 4 b 7 ligand is theoretically as promising as vedolizumab. The OPERA and TURANDOT studies evaluated the efficacy and safety of PF-00547659, a human monoclonal antibody that binds to MAdCAM-1, in patients with moderate to severe CD and moderate to severe UC, respectively. 122, 123 In CD, PF-00547659 was not better than placebo, but was safe. 122 In UC, the drug was better than placebo for induction of remission after 12 weeks and was safe and well tolerated. 123 Etrolizumab, a new agent targeting the b 7 subunit of both the a 4 b 7 and a E b 7 integrin, has also been studied. It acts inhibiting both T-cell mucosal recruitment and epithelial retention of intraepithelial lymphocytes through inhibition of a 4 b 7 -MAdCAM-1 binding (similar to vedolizumab) and epithelial a E b 7 -E-cadherin bindings, respectively. Etrolizumab was more likely to achieve clinical remission at week 10 than placebo in moderately to severely active UC (21% for etrolizumab 100 mg, 10% for etrolizumab 300 mg and loading dose and 0% for placebo). Adverse events were similar in the three groups and no serious opportunistic infections including PML were recorded. 124 Several ongoing studies (NCT02136069, NCT02165215, NCT02118584, NCT02403323 and NCT02394028) are evaluating etrolizumab in both UC and CD. 125 
Sphingosine-1-Phosphate (S1P) pathways
Reducing the circulating lymphocytes by sequestering them in secondary lymphoid organs is an attractive approach to reduce inflammation in the intestinal mucosa. A new class of oral small molecules modulating sphingosine-1-phosphate (S1P) receptor, has recently shown efficacy in IBD. 126 Sphingosine derives from the catabolism of endogenous cellular sphingolipids, that are essential constituents of cellular membranes. S1P is the 1-phosphorylated form of sphingosine. S1P can activate a family of five receptors (S1P1-5 receptors) exerting a wide range of immunological functions (reviewed in refs. [127] [128] [129] .
Of interest, the sphingosine 1-phosphate receptor 1 (S1P1) promotes lymphocyte egress from lymphoid organs to blood. A new generation of oral S1P receptor agonists induce internalization and degradation of the S1P1 receptor. That makes lymphocytes incapable of migrating from secondary lymphoid organs reducing the circulating lymphocytes in the blood and as a consequence, in the intestinal mucosa. [130] [131] [132] Ozanimod is a new oral selective small-molecule agonist for S1P1 and to a lesser extent for S1P5 that reduces circulating lymphocytes by sequestering them in secondary lymphoid organs that showed efficacy in multiple sclerosis. 133 A recent double-blind, placebo-controlled phase II trial examined the safety and efficacy of oral 0.5 and 1 mg of ozanimod daily compared with placebo in active UC (TOUCHSTONE). The primary outcome (clinical remission at 8 weeks) was achieved in 16% and 14% respectively, versus 6% in the placebo arm (P D 0.048 and P D 0.14, respectively). 126 Significant differences in clinical response at week 8 were achieved only for the 1 mg group. As expected because of the mechanism of action of the drug, absolute lymphocyte counts in blood decreased after treatment (32% and 49% from baseline in patients who received 0.5 mg and 1 mg, respectively). Mucosal healing -but not histological remission -was achieved in both ozanimod groups. 126 Ozanimod showed a good safety profile. No important differences were observed in the most commonly reported adverse events between groups. Of note, 4 patients treated with ozanimod had an increase in the alanine aminotransferase level of more than three times the upper limit. 126 Since most patients that received 1 mg had lymphocyte counts below the lower limit of the normal range at week 8, future long-term studies are needed to assess the risk of infections. 126 Ozanimod has recently entered two phase III trials for induction and/or maintenance in UC (NCT02435992 and NCT02531126) that are still recruiting (as for January 2018); as well as a phase II multicentre study in moderately to severely active CD (NCT02531113). Moreover, similar agents such as another S1P1 agonist etrasimod (APD334) have entered phase II trials for UC (NCT02447302 and NCT02536404). Amiselimod (MT-1303), an S1P1/S1P5 agonist, has recently completed two phase II trials for CD (NCT02389790 and NCT02378688). The results are awaited.
Cellular therapy
Mesenchymal stem cells (MSCs)
MSCs are nonhematopoietic multipotent cells that can be isolated from the connective tissues of most organs including the bone marrow (BM), adipose tissue and the umbilical cord. MSCs have self-renewal ability, can differentiate into various cell types and exert several interesting immunomodulatory properties (excellent reviews in refs. 134 and 135).
Since they constitute a heterogeneous group of cells, the International Society for Cellular Therapy proposed 3 criteria to define human MSCs: 1. must be plastic-adherent when maintained in standard culture conditions; 2. must express CD105, CD73 and CD90, and lack expression of CD45, CD34, CD14 or CD11b, CD79a or CD19 and HLA-DR surface molecules; and 3. must differentiate to osteoblasts, adipocytes and chondroblasts in vitro. 136 MSCs can inhibit Th1 and Th17 cell proliferation and promote Treg differentiation accompanied by a systemic reduction in pro-inflammatory cytokines (Il-6, IL-17 and IFN-g) and an elevation of anti-inflammatory cytokines like TGF-b and IL-10. [137] [138] [139] [140] [141] [142] MSC also have the unique ability to migrate selectively into various sites of tissue injury and inflammation (like the intestinal mucosa), where they actually can be detected several days after intravenous injection in mice. 141, 143, 144 Locally, MSCs promote tissue repair and wound healing through stimulation of angiogenesis and inhibition of apoptosis, 145, 146 restoring the epithelial barrier integrity 147 and secreting potent growth factors like vascular endothelial growth factor (VEGF) and TGF-b1. 144 Those interesting features prompted the study of MSCs in mice models of colitis with promising results. [137] [138] [139] [140] [141] In human studies, MSCs have been administered mainly by two methods: intravenously (i.v.) for the treatment of luminal IBD, or by local injection for perianal fistulizing CD.
A recent meta-analysis suggests that systemic infusion of MSCs is a relatively well tolerated therapy for luminal IBD. A total of 40.5% of patients (95% CI 7.5% -78.5%) achieved remission after MSCs infusion. However, the studies included had high heterogeneity and risk for bias. 148 The first report using allogeneic BM-derived MSCs by systemic infusion in CD was published in abstract form by Onken J et al. in 2006 . 149 Four out of 10 patients with active luminal CD refractory to steroids showed clinical response (one even achieved clinical remission). 149 The same approach using allogeneic BM-derived MSCs obtained from the sternum or the iliac crest and cultured for 5-6 weeks also showed some clinical efficacy. Moreover, an important number of the IBD patients treated were able to taper off steroids after treatment (34 out of 50 IBD patients). 150 A subsequent study revealed that 5 out of 7 IBD patients (3 UC and 4 CD) achieved clinical remission at 3 months after the infusion of MSC derived from BM and umbilical cord. 151 The use of 4 weekly infusions of BM-derived MSCs was effective in active luminal CD refractory to immunomodulators (clinical response in 12/15 patients, clinical remission in 8/15 and endoscopic improvement in 7/15 at day 42). 152 Most of those studies used doses that ranged from 1-8 £ 10
6 MSC/kg. An alternative approach for the use of MSCs in IBD has been its combination with standard therapy. Knyazev et al. recently reported that the addition of BM-derived MSCs to conventional therapy in UC patients decreased fecal calprotectin and histological indexes at 2, 6 and 12 months. 153 The same group reported that the addition of MSCs to infliximab decreased the relapse rate in luminal CD at 3 years. 154 However, both studies have been published only in abstract form, complicating further investigations regarding study design, methods and safety issues.
Serious adverse events related to allogenic MSCs are relatively uncommon and injections appear to be safe, as recently confirmed in a meta-analysis. 155 Commonly reported non-serious adverse events after infusion are headache, diarrhea, mild transfusion-reactions or dysgeusia, all of them self-limited. 152 Of note, the study by Forbes et al. reported an adenocarcinoma arising in a dysplasia associated lesion in one patient. After retrospective chart reviews, the authors suggested the possibility that the cancer was present prior to MSC infusion. 152 However, further large controlled trials are needed to address the longterm safety of allogeneic MSCs treatment in IBD.
Only two small studies used injections of autologous MSCs in refractory CD, showing a more modest effect and worse safety profile. 156, 157 Although clinical response was achieved in both studies, a worsening of the disease was reported in almost half of the patients, 156, 157 and two serious events possibly related to the treatment were noted (appendicitis and Clostridium difficile colitis). 157 Several trials are ongoing in both UC and CD, mostly using allogenic MSCs derived from the BM or the umbilical cord (NCT 02000362, NCT 02150551), both recruiting by January 2018. A phase II study exploring the use of BM-derived MSC in active CD has recently been completed (NCT00294112). Results for this novel therapeutic approach are awaited.
In addition, the use of local injection of MSCs has shown efficacy in the treatment of refractory perianal CD fistulas. The review of these studies is out of the scope of the present work (see recent extensive reviews in refs. 135, 148, 158) .
T cell engineering
Tregs are a subset of T lymphocytes that are able to suppress the activation and effector function of multiple immune cells involved in intestinal inflammation and help maintain immune tolerance. Tregs are characterized by the expression of the transcription factor Foxp3 and the production of potent anti-inflammatory cytokines like IL-10 and TGF-b. They are considered to play a major role in the pathogenesis of IBD (reviewed in refs. 18 and 159).
Several studies using mice models resembling IBD support an anti-inflammatory role for Tregs. 160, 161 In most human studies a decreased number of Tregs in the peripheral blood of IBD patients is observed, while greater numbers accumulate in active inflammatory lesions suggesting an increased migration in active phases. [162] [163] [164] However, Tregs' suppressive function is not compromised in IBD patients compared to healthy controls. 162 Furthermore, some studies showed that effector T cells that accumulated in the intestine of patients are partially resistant to Tregs, 165 which might suggest an effect of the intestinal inflammatory milieu in the function of Tregs in IBD. 18 Treg cell therapy has already shown efficacy in other inflammatory diseases like graft versus host disease 166 and type 1 diabetes. 167 The first study testing the efficacy of Tregs in IBD was published by Desreumaux et al. in 2012 in a phase I/IIa study including 20 CD refractory patients (Crohn's And Treg Cells Study [CATS1]). 168 Ovalbumin-specific type 1 Tregs (ova-Tregs) were isolated from patients' peripheral blood mononuclear cells, exposed to ovalbumin, and administrated intravenously in a single injection in escalating doses. In order to promote gut migration of ova-Tregs, patients ingested an ovoalbumin enriched diet (a meringue cake). The injections of ova-Tregs were well tolerated and 40% of the patients had a clinical response at weeks 5 and 8 (CDAI reduction of 100 points), but only 10% of patients achieved clinical remission (CDAI 150) and the clinical effect after a single dose was transient. 168 In addition, no information about the numbers of ova-Tregs that reached the intestinal mucosa or their stability and plasticity features was provided in this study. The results from a phase IIb multicenter placebo-controlled clinical trial with ova-Tregs in refractory CD (CATS29) are expected during 2018 (NCT02327221).
A recent study aimed to define the optimal population for Treg cell therapy comparing CD4CCD25CCD127loCD45RAC and CD4CCD25CCD127loCD45RA¡Treg subsets. Tregs were isolated from CD patients' blood, expanded in vitro and tested in a xenotransplant model of human intestine. The study showed that CD45RAC Tregs do not convert to a Th17 phenotype in vitro, express gut homing molecules (like a 4 b 7 integrin) and suppress activation of lymphocytes isolated from inflamed mucosa of CD patients. Thus, the authors propose CD4CCD25C CD127loCD45RAC as the most appropriate from which to expand Tregs for T cell therapy in future studies. 169 Some authors have pointed the possibility of manipulating gd T cells to treat IBD. gd T cells are unconventional T cells with interesting immunoregulatory and tissue healing properties recently implicated in CD pathogenesis. 20 gd T cells have shown a protecting function against colitis in several murine models 170, 171 and appeared safe and effective in clinical trials in cancer immunotherapy. 172 However, no clinical studies to treat IBD have been published to this date.
Thus, although cellular therapies are emerging as safe and effective therapies, many unresolved questions like type of cells to use, adequate doses and long-term effects need to be addressed in larger clinical trials.
Other immune-regulating therapies
Finally, other therapeutic approaches have shown immune-modulating and anti-inflammatory properties in IBD. Promising candidates that showed efficacy in clinical trials are: fecal microbiota transplantation 173, 174 ; antibiotics with immune-regulating properties like metronidazole or ciprofloxacin [175] [176] [177] [178] ; modulation of mucosal immunity by helminths 179, 180 ; dietary induction of Tregs by short fatty acids or prebiotics [181] [182] [183] ; substitution of phosphatidylcholine to increase the mucus layer 184 ; or certain herbs and plants with immune-regulating characteristics like: curcumin, artemisia absinthium, myrrh, chamomile or wheatgrass. 185 Concluding remarks and future perspectives IBD is a chronic disabling inflammatory process that affects young individuals, with growing incidence. The etiopathogenesis of IBD remains poorly understood, but recent studies show that improved understanding of the immunological mechanisms involved in IBD pathogenesis is key to the development of new therapeutic options.
Current pharmacological treatments used in clinical practice like thiopurines or anti-TNF are effective. However, some of these drugs have significant side effects like infections or an increased risk for certain cancers and their efficacy may diminish over time. In fact, up to one third of the patients do not have a satisfactory response to these therapies.
Consequently, the search for new therapeutic strategies targeting alternative immunological pathways has intensified. New therapies targeting alternative pro-inflammatory pathways like IL-12/23 axis, IL-6 pathway or Janus Kinase inhibitors are on its way. Alternatively, some emerging oral substances that aim to stimulate canonical immune-modulating pathways, like the TGF-b pathway, have shown clinical efficacy. The inhibition of adhesion and migration of leukocytes into the inflamed intestinal mucosa has also received much attention. Molecules like vedolizumab are currently approved for IBD and other approaches targeting alternative adhesion or migration mechanisms are in advanced phases in clinical trials. Finally, the possibility of engineering immune-modulating cells like MSCs or Tregs is a promising alternative approach, but cell therapies still need to prove safety and efficacy in larger clinical trials.
In conclusion, several novel treatment strategies for IBD are on their way and will certainly expand our therapeutic armamentarium in the next future. However, IBD is a very heterogeneous disorder where patients have different genetic and environmental backgrounds and can display a wide variety of clinical phenotypes. In addition, IBD treatment is still based basically on clinical and endoscopical findings and patients may have unpredictable responses to different therapies. This makes it difficult for the clinician to choose the appropiate drug according to risk factors and clinical course.
A better understanding of the immunopathogenesis of IBD is crucial to help the clinician to select the most appropiate therapeutic approach to maximize cost-efficacy and minimize risks and undesirable side-effects derived from the immuneregulation (like infections or the inhibition of other protective properties like epithelial healing). Furthermore, a combination of some of these novel drugs with the ones currently in use could be a plausible startegy to improve therapeutic outcomes by targeting different pathways.
Thus, it will be crucial to include an examination of immune responses before and after therapy and integrate these data with other genetic, serologic and mucosal variables to tailor our therapeutic decisions towards a real personalized medicine in IBD. We are in the opening of a new era in the treatment of IBD and immunotherapy is definitely going to play a major role in the next future.
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